Variation in mutation rate, attributed to differences in both generation time and in metabolic rate, has been invoked under the neutral theory of molecular evolution to account for differences in substitution rate among mammalian lineages. We show that substitution rates at fourfold-degenerate sites and at sites in noncoding regions do not vary between the primate and rodent lineages, implying mutation-rate uniformity. In contrast, the substitution rates at nondegenerate sites vary both within and between lineages. This difference in substitution-rate pattern between the two types of site is incompatible with neutral theory but may result from substitutions occurring by fixation of slightly deleterious mutations. Variation in the rate of protein evolution among mammalian lineages appears to be due more to differences in population fixation rates than to biochemical or physiological differences affecting mutation rates.
Introduction
The cause of variation in the rate of nucleotide and amino-acid substitution is a central unresolved issue in molecular evolution (Kimura and Ohta 197 1; Ohta 1973 Ohta , 1992 Kimura 1983; Gillespie 1991) . Comparative analyses of nucleotide sequences have led to the conclusion that substitution rate per year (K) is greater in rodents than in primates (Wu and Li 1985; Li et al. 1987 Li et al. , 1990 Bulmer et al. 199 1; Martin and Palumbi 1993) , although this has been challenged (Easteal 1988 (Easteal , 1990 .
The difference in K is usually attributed to a difference in mutation rate per gamete per year (u), resulting from the substantial differences, in both generation time (Wu and Li 1985; Li et al. 1987 Li et al. , 1990 Bulmer et al. 199 1) and metabolic rate (Martin and Palumbi 1993) , between rodents and primates. For neutral mutations, such an explanation is required, since K = v, if it is assumed that the degree of functional constraint on a sequence remains the same among lineages (Kimura 1983) . For nonneutral mutations, however, substitution rates may also vary because of differences in fixation that are due to variation in both effective population size (N,) and selection coefficient (s) (Kimura 1983 To investigate the effects of generation time and metabolic rate on substitution rate, we compare K values at fourfold-degenerate sites, K(4), of 14 genes in primates (humans) and rodents (mice or rats), using marsupial sequences for reference. We also compare substitution rates at nondegenerate sites, K(O), to determine, as predicted by neutral theory, if K(0) and K(4) patterns between lineages are the same (Gillespie 199 1; Ohta 1992) . Finally, to further examine patterns of substitution, we include artiodactyl sequences for seven genes and compare the K(O)/K(4) ratio on each branch of the phylogenetic tree connecting the four mammalian taxa.
Material and Methods

DNA Sequences Analyzed
The GenBank accession numbers for the compared sequences are as follows: a,-antitrypsin-X0 1683, M32247, L06824, and X63 129; a-globin-V00493, M26895, M 14567, and 500043; a-lactalbumin-J00270, M80909, X 152 11, and X06366; P-casein-X 17070, X04490, X547 15, and M 15 132; P-galactosidase-M22590, M57734, and L15561/L15562; P-globin-VO0497, VO0722, 503643, and X00376; a-globin-VOO508, M26897, 503642, and X01912; glucose-6-phosphate dehydrogenase-X03674, Z119 11, and JO303 1; inter-photoreceptor-binding protein-M22453, Z118 13, Z 118 14, and M20748; myelin-basic protein-X 17286 and S49346; parathyroid hormone receptor-LO4308, M77184, and M74445; phosphoglycerate kinase-LOO 159, M 15668, and X64296; pyruvate dehydrogenase Ela subunit-JO3575 and M76727; and ATP-dependent RNA helicase-X52 104, X65627, and L1544 1. Except for the globins, cc-lactalbumin, al-antitrypsin and p-casein, the compared genes are not members of multigene families; their analysis is therefore free from the complications that arise when gene conversion occurs or when function changes following gene duplication (Ohta 199 1) . Previous analysis has failed to reveal any evidence that gene conversion has occurred between the globin genes in a way that might affect our interpretation (Easteal 1988 (Easteal , 1990 . The highly divergent nature of the casein gene family makes sequence exchange between P-casein and the two a-caseins unlikely (Bonsing and Ma&inlay 1987) . Likewise, a-lactalbumin, which is an ancient duplication of lysozyme (Prager and Wilson 1988) , and ai-antitrypsin, a member of the serpin family of proteins (Carrel1 et al. 1987; Patterson 199 l) , have low levels of similarity to other members of these multigene families. Gene duplication in these multigene families occurred before the divergence of mammals, and therefore any functional changes that may have resulted from gene duplication would not be lineage specific. The sequence alignments were checked for anomalies that might suggest the occurrence of gene conversion; none was found.
Sequence Alignment and Rate Estimation
Sequences for the coding regions were aligned either manually or by using CLUSTALV.
For noncoding regions, multiple sequence alignments were obtained by using CLUSTALV with the default parameter values.
K(0) and K(4) were estimated from pairwise comparisons of the sequences for all lineages by using the methods of Li et al. (1985) and Li (1993) . "Overall" values were estimated from alignment of concatenated sequences. Indels were omitted from the analysis of coding and noncoding regions. Correction for multiple substitution was made by using the two-parameter method of Kimura (1980) . The relative K values between rodents and primates were calculated (Wu and Li 1985) by using marsupial sequences as reference. For noncoding regions, varying the CLUSTALV alignment parameter values had a substantial effect on the resulting K values (with indels omitted) but had no appreciable effect on the value of K&&.
Neighbor-joining trees (Saitou and Nei 1987) were constructed by using the NEIGHBOR program in PHYLIP version 3.5c, on the basis of K(0) and K(4) for seven concatenated genes from artiodactyls, rodents, primates, and marsupials. (All multiple-sequence alignments and the results of estimation of K are available as an ASCII text file [MOLRATE 1 ] in the subdirectory "molrates" from the anonymous FTP server "artemis.cbr.dwe.csiro.au".)
Results
Within coding regions we present results for K(0) and K(4) only (table 1) . Values at twofold-degenerate sites were omitted because bias was indicated when rates were estimated by either of two methods. The method of Li et al. (1985) , which assumes a transversion/transition mutation-rate ratio of 2, results in much higher
Relative Substitution Rates in Mammals 645 synonymous-substitution-rate estimates for twofold-degenerate sites than for fourfold-degenerate sites (82.3%, 146.6%, and 163.2%, compared with 46.4%, 89.9%, and 93.0%, for human-rodent, human-marsupial, and rodent-marsupial comparisons, respectively). This bias can be avoided by using a weighted average to estimate transition rates at twofold-and fourfold-degenerate sites if the transition rate is the same at the two types of site (Li 1993) . We found that the twofold rate between rodents and marsupials differs significantly from the fourfold rate (P<O.O05), although there is no significant difference between the rates in primate-marsupial or rodent-marsupial comparisons (table 2). The ratio of twofold to fourfold transitions in the primate lineage is 0.79. In the rodent lineage it is 1.45. This difference would bias the results of relative rate tests based on synonymous-substitution rates estimated in this way.
There is no indication that fourfold-degenerate sites are saturated with substitutions. Although the overall corrected substitution-rate estimates between eutherians and marsupials are -9O%, the uncorrected differences are much lower than this. If the sites were saturated, the K(O)/K(4) ratio would be higher in the rodent/primatemarsupial comparisons than in the rodent-primate comparison. The ratios are, respectively, 0.18/O. 19 and 0.19. K values vary extensively among genes. Most notable is the extremely slow rate of substitution of the RNA helicase gene. The "noncoding" K rate at this gene may be the slowest thus far reported. The reason for this slow rate is unknown, but it is not due to an unusual GC content, which is thought to be an important contributing factor to differences in mutation rate in different parts of the genome (Wolfe et al. 1989; Bulmer et al. 199 1) . The GC content of the RNA helicase is -43%, which is in the intermediate range of G+C values of genes with high K(4) values (Wolfe et al. 1989) .
For the concatenated sequences there is no significant difference between primates and rodents in either K(4) or the K at noncoding sites, K(N). The numbers of individual gene comparisons in which K(4) or K(N) estimates are higher in each of the lineages are exactly equal. In two cases the K(4) difference between the lineages is significant; for al-antitrypsin K(4) is higher in primates, and for interphotoreceptor binding protein K(4) is higher in rodents. The difference between the total K(4) or K(N) values can be explained by the greater weighting given to the noncoding sites of the RNA helicase in estimating K(N). When RNA helicase is removed from the analysis of the sequences, the values for K(4) are 48.6, 96.4, and 97.6, and those for K(N) are 50.4, 99.9, and 106.0, for the comparisons human-rodent, human-marsupial, and rodent-marsupial, respectively.
In contrast to the values obtained for K(4) and K(N), the K(0) values for the concatenated sequences are significantly different between the two lineages. The estimate for the rodent lineage is -35% greater than that for the primate lineage (see table 1 ). With one exception @-casein), the K(0) estimates for the individual genes are all higher in the rodent lineage. The overall difference is thus not due to the peculiar features of one or a small number of genes. For two individual genes (a-globin and RNA helicase) the differences between the lineages is significant. This result is consistent with a previous finding of a rate difference at nonsynonymous sites, in which bird sequences were used for reference comparison (Li et al. 1990) .
To further investigate the pattern of rate variation at seven of the genes, we constructed neighbor-joining trees (Saitou and Nei 1987) connecting artodactyls, primates, rodents, and marsupials on the basis of K(0) (fig. IA) and K(4) (fig. 1B ). There are three notable features of the trees. First, K(0) is -35% higher in the artiodactyl lineage, since divergence from the primates. Second, there is no K(4) difference between the artiodactyl and primate lineages since they diverged. Third, the ratio K(O)/K(4) is substantially lower in the internal branch of the tree than in the peripheral branches ( fig. 1 C) . 
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Discussion
The lack of any indication of a systematic difference, in either K(4) or K(N), between the rodent and primate lineages implies that mutation rates are constant per year and thus independent of generation time and metabolic rate. Our findings counter those of other studies, where the synonymous substitution rate appeared to be higher in rodents than in primates. This discrepancy is due to two factors. Wu and Li (1985) assumed a eutherian branching pattern (artiodactyl, (primate, rodent) ) that is now thought to be incorrect. A branching pattern of (rodent, (primate, artiodactyl) ) is consistently indicated by molecular data (Easteal 1988 (Easteal , 1990 Li et al. 1990; Bulmer et al. 199 l) , and our analysis confirms this ( fig. 1) . In other studies (Li et al. 1987 (Li et al. , 1990 Bulmer et al. 199 1; Martin and Palumbi 1993) , conclusions depended on estimates of divergence times between various primate and rodent taxa. The fossil records of both primates and rodents from which these estimates were derived are both relatively poor and open to misinterpretation (Wilson et al. 1987; Chevret et al. 1993) . By analyzing relative rates and by using marsupial sequences for reference comparison, we have avoided making any assumptions about either the timing or pattern of eutherian divergences. The discrepancy between our results and those of earlier studies implies that at least some divergence times need to be reestimated.
The discrepancy that we observe between nondegenerate sites and sites that are either fourfold degenerate or noncoding is incompatible with neutral theory (Ohta 1973 (Ohta , 1992 Gillespie 199 1) . If mutations both at nondegenerate and at fourfold-degenerate/noncoding sites were neutral, they would exhibit the same pattern of relative substitution rates between the two lineages. The discrepancy can be explained by assuming that a proportion of substitutions occur as a result of the fixation of slightly deleterious mutations (Ohta 1973 (Ohta , 1992 , in which case, if v is constant, then K cc l/N,. Slightly deleterious mutations are eliminated from large populations but can become fixed in small populations by drift. Since slightly deleterious mutations are more likely to occur at nondegenerate sites, any Ne difference between the lineages may affect K(0) but not either K(4) or K(N). Reconciling the discrepancy with strong positive-selection models (Gillespie 199 1) is difficult, since the direction of strong positive natural selection is expected to vary among genes and lineages. In this instance, K(0) is higher in the rodent lineage, for all but one of the genes.
The K(0) difference between rodents and primates appears to result from a low K(0) in the common primate-artiodactyl lineage, before primates diverged from artiodactyls ( fig. 1) . The rate variation within the primate-artiodactyl lineage has occurred differentially at nondegenerate sites and is thus not a consequence of the mutation rate varying. The low K(0) value can be explained by postulating that mutations are slightly deleterious and that N, was higher in the common lineage than it has been either in the rodent lineage or in either the primate or artiodactyl lineages since they diverged. Similarly, the 35%-higher K(0) value in the artiodactyl lineage when compared with the primate lineage, which occurs despite both lineages having the same K(4) value, suggests that N, may have been higher in the primate lineage since divergence from the artiodactyl lineage.
The fixation of slightly deleterious mutations was originally invoked to explain an apparently uniform rate of protein evolution despite an apparently variable rate of DNA evolution, by assuming both that v cc l/g and that glv, is constant, where g = generation time (Ohta 1973 (Ohta , 1992 . Our results show that this first assumption is invalid and imply, as has been suggested elsewhere (Nei and Graur 1984; Chao and Carr 1993) , that the second assumption is also invalid. The results suggest that variation in rates of amino-acid substitution among lineages is caused more by factors that determine the rate at which mutations become fixed in populations, particulary N,, than by those factors that affect the mechanisms of mutation.
